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Molecular disordering of the ice surface occurs below the bulk melting temperature of 273 K, termed 
surface premelting. The top-most molecular layer begins gradually premelting at 200 K, and has been 
linked to its low coefficient of friction through an increase in molecular mobility. The second molecular 
bilayer premelts around 257 K, but no study has linked this transition to a change in any macroscopic 
phenomena. Here, we show that the thermodynamic work of adhesion between polydimethylsiloxane 
and ice changes abruptly at 257 K. Surface-sensitive spectroscopy indicates that the transition arises 
from changes of the ice surface. We show that this transition is due to a decrease in the acid-base 
component of the surface free energy of ice by 13±2 mJ/m2 at 257 K. The change in surface energy 
provides a possible explanation for a variety of unexplained phenomena seen across the literature 
including ice adhesion, friction, and the morphology of snowflakes. 
 
Understanding how the molecular structure at the 
surface of solids dictates macroscopic properties such as 
surface free energy, adhesion, and friction has been a long 
standing problem in interfacial science and has 
applications in many areas. One particular area of high 
interest, but of which little is understood, is that of the 
surface of ice. Detailed knowledge on the surface of ice is 
important at all length scales, from antifreeze proteins 
keeping organisms alive well below freezing [1] to sliding 
glaciers forming landscapes [2]. The properties of ice are 
important in understanding the history of our planet [3] 
and the solar system [4,5]. From an application 
perspective, ice accretion and adhesion to aircraft [6], 
wind turbines [7], solar panels [8], and power lines [9] 
decreases energy efficiency and presents dangerous 
situations. It is likely that climate change will cause icing 
events to shift in latitude, showing potential for these 
problems to become common in new locations [10]. 
Understanding friction on ice has implications in the grip 
of winter automobile tires and shoe soles [11,12]. 
Unraveling the mechanism behind antifreeze proteins will 
advance technologies in agriculture and food preservation 
[1]. In all of these examples, it is crucial to understand the 
surface and interfacial interactions of ice, both in terms of 
understanding our universe and advancing new materials 
and technologies that will increase the standard of living 
of people worldwide. 
The surface of ice, or ice-air interface, has been 
increasingly studied since Michael Faraday first 
postulated its surface premelting in 1850 [13]. Since then, 
it has commonly been shown by several different 
techniques that the surface of ice behaves ‘liquid-like’ 
below the bulk melting temperature of 273 K [14]. The 
technique most sensitive to surfaces and interfaces is sum 
frequency generation spectroscopy (SFG), which was first 
introduced in practice by Zhu et al. in 1987 [15]. By 
overlapping a beam with a fixed frequency in the visible 
range 𝜔𝑣𝑖𝑠  and a beam with a tunable frequency in the 
infrared range 𝜔𝐼𝑅 , the resulting SFG intensity at the sum 
of the beams’ frequency 𝜔𝑆𝐹𝐺 =  𝜔𝑣𝑖𝑠 + 𝜔𝐼𝑅  provides 
information on the ordering of molecules and the strength 
of interactions to depth of a few molecular layers [16,17]. 
SFG has been used to identify two specific premelting 
transitions of the ice surface. In 2001, Wei et al. showed 
that the free O– H of the topmost molecular layer becomes 
increasingly disordered as the temperature is increased 
from 200 K [18,19]. More recently, Sanchez et al. showed 
that there is a sharp transition in the bonded O–H peak 
location around 257 K in both experiments and molecular 
simulations, which was attributed to the premelting of the 
second molecular bilayer [20]. In the same study, they also 
confirmed that the intensity of the free O–H peak 
decreases with increasing temperature, but there is no 
shift in the free O–H peak location, showing that this 
transition has no major structural effects on the topmost 
layer. A perspective by Yamaguchi gives a more detailed 
history of ice studied by SFG [21]. 
Such studies are being used to begin to understand the 
mechanism behind ice friction [22]. Likewise, an attempt 
to link premelting to the shear adhesion strength of ice 
demonstrated that the premelt layer facilitates sliding 
[23]. But, through a collection of data across the literature, 
it has been shown that mechanical ice adhesion tests have 
large uncertainties across several orders of magnitude 
[24]. This disagreement is likely due to energy dissipation 
in deforming the materials, rendering mechanical 
adhesion tests imprecise when aiming to extract 
thermodynamic quantities. These studies link the gradual 
disordering of the topmost molecular layer of the ice 
surface to gradual changes in the mechanical mobility of 
the surface molecules, resulting in low friction and sliding 
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resistance [25]. However, a link between the precise 
premelting of the second molecular bilayer and surface 
properties has yet to be shown. Any reconfiguration of the 
molecules on the surface of ice likely results in a change in 
its surface free energy. The surface energy of medium 
, can be written as a sum of energies of different 
interactions, namely the Lifshitz-van der Waals (LW) and 
acid-base (AB) interactions [26] 
 . (1) 
The surface energy of ice has been measured by contact 
angles of various liquids on ice [27–29], the contact angle 
of water at grain boundaries [30], homogeneous 
nucleation rates [31], and molecular simulations [32]. 
These studies generally result in  100 mJ/m2, but 
precise determination of the surface free energy is 
difficult. Furthermore, no study has adequately examined 
the surface energy of ice over its premelting transitions. In 
1970, Adamson et al. measured the contact angle of 
carbon disulfide on ice from 225 to 270 K, but no 
transition was found [27]. Nearly two decades later, van 
Oss et al. used various probe liquids to measure  to be 
60.4 and 48.0 mJ/m2 at 253 and 265 K respectively, but 
they assumed a linear trend in 𝛾𝑖𝑐𝑒
𝐴𝐵  in order to extrapolate 
their results to 273 K [29]. 
Here, we use Johnson, Kendall, and Roberts’s theory of 
elastic adhesion (JKR) [33] to measure the 
thermodynamic work of adhesion between 
polydimethylsiloxane (PDMS) and ice. The 
thermodynamic work of adhesion is defined as the 
amount of reversible energy needed to separate an 
interface between media i and j and create two surfaces, 
expressed by the Dupr´e Equation 
 𝑊𝑎 =  𝛾𝑖
𝑡𝑜𝑡
 +  𝛾𝑗
𝑡𝑜𝑡
 −  𝛾𝑖𝑗
𝑡𝑜𝑡
 (2) 
where γijtot is the total interfacial free energy between 
media i and j [34]. Thus, measuring the work of adhesion 
allows us to make inferences on the surface energy of ice. 
The JKR model was derived for the contact between two 
elastic spheres, but by taking one sphere in the limit of 
infinite radius and infinite elastic modulus, the well-
known JKR equation expresses the radius of the contact 
circle a between a hard, flat plane and an elastic sphere of 
radius R and modulus E by 
 
In the simplifying case that the load P between the sphere 
and plane is negligible, 
 . (4) 
Thus, by measuring the contact radius formed between an 
elastic spherical cap of known radius and elastic modulus 
and a flat piece of ice at zero load, the thermodynamic 
work of adhesion can be extracted. 
In 1981, Roberts and Richardson conducted similar 
‘touch on’ experiments on ice with a large 1.8 cm diameter 
polyisoprene hemisphere [35]. They saw a drastic 
increase in the contact radius as the temperature 
approached 273 K. Rather than a true thermodynamic 
increase in Wa, this was attributed to the formation of a 
 
 
FIG. 1. Side view of a PDMS spherical cap (a). When 
the spherical side is placed in contact with ice, the 
contact spot can clearly be seen by viewing through 
the flat side of the cap (b). 
 
capillary bridge of the premelt layer between the 
hemisphere and the ice–a claim which is supported by a 
drop in friction and pull-off adhesion at the same 
temperature. They also noticed circular marks left on the 
ice from where the contact had been, which were more 
apparent with increasing dwell time, load, or temperature. 
Due to the capillary bridging resulting in inaccurate 
measurements of Wa, their study does not allow for 
conclusions about the surface free energy of ice to be 
drawn. 
To explore these effects with greater accuracy, we 
fabricated much smaller (≈ 1 mm radius) PDMS spherical 
caps of elastic modulus 1.9 MPa as previously described 
[36]. Because of its low elastic modulus and surface 
energy, PDMS is often the host material in low ice 
adhesion surfaces [37–39]. However, no work has been 
done to explicitly study the ice-PDMS interfacial 
interactions. Ice was frozen in solvent cleaned ice cube 
trays from purified water (Milipore Filtration System, ρ 
=18.2 MΩ cm). Once frozen, the ice cubes were removed 
from the tray and frozen onto aluminum plates for 
handling. To ensure a smooth surface, the ice was 
microtomed using cuts as small as 1 µm thick. Both the 
freezing and JKR experiments were conducted in a walk-
in freezer, which was equilibrated for at least 24 hours 
prior to starting the experiments. 
The spherical side of a PDMS cap was carefully placed 
on the ice surface using tweezers, and the contact was 
viewed through the flat side of the cap using a microscope. 
Images were recorded (shown in Fig. 1), which were used 
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to measure the contact radius a and cap radius R. These 
measurements were repeated about five times at different 
locations on the ice in order to calculate an average and 
standard error for a single cap, and several caps of various 
radii were used. The experiment was replicated at several 
temperatures in the range of 243 to 268 K. Because the 
elastic modulus of the PDMS was measured at room 
temperature, the elastic modulus at the lower 
temperatures was calculated by scaling according to the 
affine model, given by  
Figure 2 displays the measured work of adhesion 
between PDMS and ice at various temperatures. A 
sigmoidal fit shows a transition from 116±2 to 73±3 
mJ/m2 
 
 
FIG. 2. Measured work of adhesion between PDMS 
and ice. Both lines are logistical function fits. 
 
 
FIG. 3. A mark the same shape as the contact area left 
on the ice surface (a). Optical profilometry of a 
surface replica (opposite in height) from a different 
mark confirms that the marks are impressions into 
the ice surface (b). 
 
when heated above 258.4 ± 0.2 K, which is interestingly 
similar to the temperature at which the second molecular 
bilayer of the ice surface premelts [20]. When the small 
weight of the caps ≈ 5 mN is taken into account, Equation 
3 calculates ∼ 5 mJ/m2 lower than the zeroload 
approximation shown in Figure 2, but the difference in the 
measurements before and after the transition ∆Wa = 43 ± 
4 mJ/m2 is identical. Similar to Roberts and Richardson, 
we noticed circular marks left on the ice after longer dwell 
times, much more readily at temperatures above 258 K. 
Optical profilometer measurements of replicas of the ice 
surface (opposite in height) shown in Figure 3 confirm 
that these circular marks are impressions left in the ice 
surface in the shape of the contact area. The only 
temperature for which these impressions occurred during 
the time frame of a measurement was 268 K, resulting in a 
larger apparent contact than the value of interest. The 
width of the impression circle on the surface of ice is 
measured to be ≈ 9 µm, which is subtracted from the 
measured contact radii to calculate the true contact radius 
at 268 K. 
Because the work of adhesion is dependent on the initial 
state interface (ice-PDMS) and the final state surfaces 
(PDMS-air and ice-air), we must also understand how the 
PDMS surface and ice-PDMS interface change with 
temperature. PDMS films of 200 nm thickness were made 
by spin-coating (70 s at 2000 rpm) 4 wt.% PDMS (Gelest, 
vinyl terminated, MW = 28000) in Hexane (Sigma-Aldrich, 
≥ 99% purity) onto sapphire prisms. The SFG spectra at 
various temperatures were taken of the PDMS surface, 
and water was frozen next to the PDMS film to measure 
the spectra of the ice-PDMS interface, both of which are 
shown in Figure 4. It is evident that the SFG spectra of the 
PDMS surface do not change in this temperature range. 
The peaks at 2911.5 ± 0.7 and 2965.4 ± 0.6 cm−1 are 
assigned to the symmetric and asymmetric CH3 stretch 
modes, respectively [41– 44]. The 2910 cm−1 PDMS peak 
is present against water but not ice, which could be due to 
chemical interactions between the CH3 groups and ice or 
simply due to the more intense SFG peaks from ice 
overshadowing those of PDMS. The ice-PDMS spectra 
show three peaks: a peak at 3135±3 cm−1 corresponding 
to the O–H stretch mode bonded in the ice lattice (four 
hydrogen bonds) [18, 19], a broad peak centered at 3410 
± 6 cm−1 corresponding to lower coordination hydrogen 
bonds (less than four) [45], and a peak at 3708 ± 17 cm−1 
corresponding to the free O–H stretch mode [18, 19]. A 
signal from the buried sapphire-PDMS interface produces 
higher uncertainty and noise in the 3700 cm−1 peak. The 
3135 cm−1 peak appears at a lower wavenumber than that 
of the ice surface [18–20], but, unlike the ice surface [20], 
this peak shows no shift in either the peak center or the 
first moment with a change in temperature between 243 
and 268 K. No shift in this peak indicates that there is no 
premelting transition in this temperature range. It could 
be the case that the premelting of the second bilayer is 
shifted to either higher or lower temperatures. In either 
case, it is evident that the measured transition in the work 
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of adhesion does not arise from structural changes on the 
PDMS surface or the ice-PDMS interface. Thus, by 
reasoning analagous to Equation 2, we conclude that the 
transition in the work of adhesion is due to changes on the 
ice surface, specifically at the same temperature at which 
the second molecular bilayer premelts. This change can 
arise from a thermodynamic change in 𝛾𝑖𝑐𝑒
𝑡𝑜𝑡 , from 
adhesion hysteresis in the contact line advancing or 
receding kinetics, or a combination of both. 
To simply check for hysteresis, we applied a higher load 
to the cap with the tweezers, released the load, and 
measured the contact area after it returned to stability. 
Repeating the same loading on a simple laboratory scale 
resulted in a highly variable applied load between 10 and 
50 mN. Using this technique at 253 K, the contact area 
returns to what it was at zero-load, showing that there is 
no adhesion hysteresis below 258 K. Thus, Wa = 116±2 
mJ/m2 below 258 K is suspected to be a true 
thermodynamic value. 
 
 
FIG. 4. Representative SFG spectra of the PDMS 
surface (a) and the ice-PDMS interface (b) at various 
temperatures. The solid lines are Lorentzian peak 
fits. The ice-PDMS interface spectra show no shift in 
the center or first moment of the bonded O–H peak 
location (c). 
Conversely, after applying a higher load at 263 K, the 
contact area does not return to that of zero-load. Instead, 
the contact area returns to the value corresponding to 99 
mJ/m2. This shows that above 258 K, the true 
thermodynamic value is Wa ≤ 99 mJ/m2. While there was 
a high variance in the applied load, the contact area 
repeatedly returned to the same value, suggesting that the 
true thermodynamic value is around 99 mJ/m2 above 258 
K. The pinning at 73 mJ/m2 suggests that there is 26±4 
mJ/m2 of energy dissipation on the ice surface when 
second bilayer is premelted, which restricts the advancing 
of the contact line to its thermodynamic position. Thus, we 
conclude that the rest of the change arises from 
thermodynamic effects. 
To explore this thermodynamic change, we fit the 
thermodynamic data with a sigmoidal curve, which shows 
a transition from 116 ± 1 to 99 ± 2 mJ/m2 when heated 
above 257.0±0.1 K. This thermodynamic transition lies 
closer to the premelting transition temperature, and 
consists of ∆Wa = 17±2 mJ/m2. Our SFG experiments 
conclude that ∆ , where ∆  is the difference 
in γicetot before and after the transition at 257 K. Similar to 
most polymers, the surface energy of PDMS increases 
about 0.5 mJ/m2 when cooled by 10 K [46]. Because no 
transition is present at the ice-PDMS interface, we expect 
γice−PDMS to behave the same. Using Equation 2, we calculate 
∆  2 mJ/m2. Because carbon disulfide 
interactions are only dispersive ( ), 
Adamson et al.’s data [27, 47] can be used to calculate 
 via the Young-Dupr´e Equation [48] and a geometric 
mean [49] 
  (5) 
by taking temperature dependent values of γCS2 from the 
literature [50]. This shows that  linearly decreases 
from 32.5 to 29.5 mJ/m2 between 253 and 263 K, i.e.
0 mJ/m2. Thus, the majority of ∆
mJ/m2 must be due to ∆  2 mJ/m2, which is 
strikingly similar to ∆  4 mJ/m2 measured by 
van Oss et al. [29], showing that there is a transition in 
γiceAB at 257 K. Because the second molecular bilayer 
premelts at slightly different temperatures on different 
crystal faces [20], we expect γiceAB of different faces to 
transition at slightly different temperatures. The 
difference in these temperatures is so close (1.7 K) that the 
methods used in this study are unlikely to be able to detect 
a difference in the γiceAB transition temperature. 
Until now, the premelting of ice has been linked to 
macroscopic phenomena only through the gradual 
increasing mobility of the top-most surface molecules. Our 
results show that there is also a change in the acid-base 
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component of the surface free energy of ice at the same 
temperature at which the second molecular bilayer 
premelts. This transition has ramifications in many areas. 
Roberts and Richardson saw a drastic decrease in both 
friction and pull-off adhesion force of polyisoprene on ice 
[35], both of which can be explained by the drop in surface 
energy of ice around 257 K. A similar transition seems 
plausible in the fracture toughness of ice [51]. The 
structure and surface energy of the premelt layer of ice is 
expected to have an influence on crystal growth from the 
vapor phase, which would influence the morphology of 
snowflakes [52]. Interestingly, the morphologies of 
snowflakes transition from long, slender columns to large, 
thin plates when the temperature reaches about 258 K 
[53], possibly due to γiceAB transitioning at slightly different 
temperatures on different crystal faces. 
In summary, we have shown that the thermodynamic 
work of adhesion between PDMS and ice drastically 
transitions at 257 K, the temperature at which the second 
molecular bilayer of the ice surface premelts. Unlike the 
ice-air interface, SFG spectra of both the PDMS surface and 
ice-PDMS interface show no sharp transition around 257 
K, confirming that the transition in adhesion is due to a 
transition of the ice surface. Using contact angle data of 
carbon disulfide (capable of only dispersive interactions) 
on ice, we have shown that it is the acid-base component 
of the ice surface which show a transition of ∆γiceAB ≈ 13 ± 
2 mJ/m2. There is also pinning of the advancing contact 
line above 258 K, possibly due to energy dissipation in the 
mobility of the premelted bilayers. Understanding how 
the molecular structure of the premelt layer dictates the 
surface energetics of ice has direct implications for many 
scientific fields, from physicists aiming to understand 
adhesion and friction to biologists unraveling the 
mechanisms behind antifreeze proteins. 
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